Abstract Properties of the particle velocity field are investigated using numerical simulations of gas-solid turbulent channel flow. The carrier phase is resolved using Large Eddy Simulation (LES) of the incompressible Navier-Stokes equations. The dispersed phase is computed using Lagrangian tracking in which particle motion is governed by the drag force. Predictions of dispersed phase transport are obtained for three particle response times and in simulation with and then without inter-particle collisions. Spatial correlations of the particle velocity field are measured in planes parallel to the wall and exhibit a discontinunity at the origin. The discontinuity in the spatial correlations illustrates that there are distinct inertia-dependent contributions to the particulate motion, and that the particle velocity is characterized by a spatially-correlated contribution and random component that is not correlated in space. Analysis of the simulation database shows that the random component of the particle velocity increases with increasing particle response time. The influence of particle-particle collisions leads to a changes in the partitioning, with a greater fraction of the particle velocity residing in the uncorrelated component compared to the correlated motion for a given response time.
Introduction
Particle inertia is one of the most important parameters in gas-solid turbulent flows and strongly influences nearly every aspect of the dispersed phase, e.g., turbulent transport, phenomena such as preferential concentration, particle-particle collision rates, and turbulence modulation. The present effort is motivated in a general sense by the complex interactions that occur between the dispersed and continuous phases in gas-solid flows. Of particular interest to this contribution is the spatial structure of the particle velocity field, an issue that has been far less studied compared to other features of particle-laden turbulence. The complex structural interactions between the particles and turbulent fluid flow that lead to effects such as preferential concentration, for example, are sensitive to particle inertia, an influence that is also important in dictating properties of the particle velocity.
Some of the specific motivation for the present effort is supplied by the recent studies reported by Fevrier et al. (2003) using numerical simulations and Khalitov and Longmire (2003) using laboratory experiments. In both works, spatial correlations were obtained of the particle velocity field in isotropic turbulence (by Fevrier et al. 2003) and turbulent channel flow (by Khalitov and Longmire 2003) . Common to both studies was the observation that the two-point spatial correlation of particle velocities was discontinuous at the origin. Fevrier et al. (2003) developed an analysis consistent with the measured spatial correlations that demonstrates a partitioning of the particle velocity by inertia into a spatially correlated component that is common to all the particles within a flow and a random and spatially uncorrelated component that is identified with each particle. As shown by Fevrier et al. (2003) , the random and spatially uncorrelated part of the velocity arises due to the memory of neighboring particles to their interactions with different, and possibly physically distant, turbulent eddies. The aim of the present study is the use of numerical simulations of particle-laden turbulent channel flow to extract spatial correlations and deduce the influence of inertia on the contributions to the particle velocity from the spatiallycorrelated and random-uncorrelated motions.
The approach adopted in this work is based on Large Eddy Simulation (LES) of incompressible turbulent channel flow for the carrier phase together with Discrete Particle Simulation (DPS) for the dispersed phase. Simulations are performed in the limit of one-way coupling for which there is no modification of the carrier phase by momentum exchange with the particles. The influence of elastic, binary collisions between particles is also considered via comparison of simulation results from computations that including colliding particles to simulations without inter-particle collisions. In the next section, an overview of the simulations is presented, followed by the results and finally a summary of the work.
Approach

Simulation Overview
The fully-developed particle-laden turbulent flow between plane, parallel walls is predicted using Large Eddy Simulation (LES) for the carrier phase and discrete particle tracking for the dispersed phase. The fluid flow is driven by a uniform pressure gradient along the axis of the channel. The Reynolds number is Re τ = 180 where u τ is the friction velocity and δ is the channel halfwidth. The dimensions of the channel are 2πδ in the streamwise (x or x 1 ), πδ in the spanwise (z or x 3 ), and 2δ in the wall-normal (y or x 2 ) directions. Periodic boundary conditions are applied to the dependent variables in the streamwise and spanwise dimensions and no-slip boundary conditions to the velocity at the channel walls. The subgrid stress arising from the filtering of the Navier-Stokes equations is closed using a simple fixed-coefficient eddy viscosity model.
The equations governing the fluid flow are solved using a fractional step method on a staggered mesh comprised of 64 3 cells. Spatial derivatives are approximated using second-order accurate central differences. The Poisson equation formulated for the pressure that is used to obtain a divergencefree velocity field is solved using fast transforms in the streamwise and spanwise direction, resulting in a series of tri-diagonal matrices that are efficiently inverted in the direction normal to the wall. The grid spacing is uniform in the x and z directions. The wall-normal mesh is clustered near the solid surfaces and stretched away from the wall using a hyperbolic tangent function. The discretized system is advanced in time using an implicit/explicit scheme (Crank-Nicholson and second-order Adams-Bashforth).
From the fluid velocity field u f , particle motion is computed via numerical integration of the equation modeling the motion of a small sphere in an unsteady, nonuniform velocity field. The particular form as employed in this work is,
where v p,i is the i th component of the particle velocity and v r,i is the particle relative velocity,
Note that the subscripts p and f are reserved to identify properties associated with the particles and fluid, respectively. The particle and fluid densities are ρ p and ρ f , and d p is the particle diameter. The equation of motion (1) is appropriate for dilute gas-solid flows in which the particle size is small compared to the smallest lengthscales in the carrier flow and for which other forces acting on the particle (added mass, history force, etc.) are substantially smaller compared to the drag owing to the large density ratio, ρ p /ρ f . As shown in (2), the correlation for the drag coefficient from Schiller and Nauman (1935) is introduced to extend the Reynolds number range of the drag force. In this work, the fluid flow is not influenced by momentum exchange with the particles and the (undisturbed) fluid velocity u f,i required in (1) is the value interpolated to the particle position that is computed in the LES, representing the spatially-filtered (volume averaged) solution of the NavierStokes equations. The influence of subgrid-scale transport on particle motion is not considered, which is a reasonable assumption given the strong filtering by particle inertia of the smaller-scale, highfrequency components of the subgrid velocity. The neglect of subgrid transport is further justified by the low Reynolds number of the calculations and relatively weak effect of the unresolved motions on the resolved scales.
Simulations are performed for three particle Stokes numbers, St = τ p /(δ/u τ ), where τ p is the Stokes relaxation timescale of the particle. For all simulations the particle diameter was specified as one viscous unit and therefore the variation in the Stokes number is achieved via a variation in the density ratio, as summarized in Table 1 . The particle equation of motion (1) is integrated in time using second-order Adams-Bashforth. Third-order Lagrange polynomials are used to interpolate the fluid velocity to the particle position. Particle displacements are also integrated using the second-order Adams-Bashforth method. For particles that move out of the channel in the streamwise or spanwise directions, periodic boundary conditions are used to reintroduce them into the computational domain.
A particle is assumed to contact the smooth channel walls when its center is one radius from the wall, and elastic collisions are enacted for wall contact events. For computations that account for inter-particle collisions, collision detection is accomplished using an algorithm similar to that outlined by Sundaram and Collins (1997) . To avoid the full quadratic expense of naive collision detection by checking the entire particle ensemble of possible collision partners for each particle, the physical domain is divided into a three-dimensional array of cells. The list of possible collision partners for a given particle is then restricted to the smaller sub-volumes. Only binary collisions are considered, and all particle-particle collisions are perfectly elastic. The reader is referred to Vance and Squires (2002) for details on the implementation of the collision algorithm employed for the current simulations.
Results
Single-point statistics
Shown in Figure 1 are profiles of the streamwise mean velocity of the fluid and particles from simulations performed without (Fig. 1a) and with (Fig. 1b) the effect of inter-particle collisions. Profiles of the mean fluid velocity on the grid in addition to the mean velocity following the particles are shown. For the simulations performed in the limit of one-way coupling in this work the mean fluid velocity on the grid will be identical in both frames of the figure. For the flow without the influence of inter-particle collisions in Figure 1a , there is a small effect of inertial bias in the mean flow viewed by the particles, e.g., with the mean fluid velocity following the particles lagging that on the grid close to the wall. Figure 1b shows that in the simulations that include inter-particle collisions, the differences between the mean fluid velocity on the grid or following the particles is smaller, an effect associated with a more random distribution of the particle positions in computations that include inter-particle collisions.
Comparison of the frames in Figure 1 shows that there is a strong effect of inter-particle collisions on the wall-normal profiles of the particle mean velocity with increasing Stokes number. In the flows without particle-particle collisions shown in Figure 1a the mean flow of the particles and fluid is similar, with a relatively small mean slip between the phases. On the other hand, Figure 1b shows that the particle mean velocity can be strongly affected by inter-particle collisions with a flattening of the profile becoming more apparent for the larger Stokes numbers and, therefore, a relatively large mean slip between the phases near the wall. The change in the particle concentration by collisions is illustrated in Figure 2 , the figure shows the particle number density for each St. The flows without inter-particle collisions exhibit an accumulation of particles in the near-wall region, a well-known effect observed in many previous computations that do not include inter-particle collisions. Changes in wall-normal ("radial") transport across the channel induced by inter-particle collisions leads to a more uniform number density profile, as shown in Figure 2b . For the smallest Stokes number St = 0.1625, the number density in Figure 2b peaks near the wall, as observed in the profile in Figure 2a without inter-particle collisions, though is less pronounced compared to the non-colliding case. Increases in the Stokes number lessen the nonuniformity in the distribution and Figure 2b shows that the number density profile is nearly uniform for the largest St = 2.60.
One of the most significant effects of inter-particle collisions on dispersed-phase transport is illustrated in Figure 3 . Shown in the figure are profiles of the wall-normal component of the particle kinetic stress, v p,2 v p,2 p where v p,i denotes the i th component of the particle fluctuating velocity and · p is the average over the dispersed phase in the statistically homogeneous x-z planes and over time. Also included in the figure is the wall-normal component of the fluid-particle correlation, u f @p,2 v p,2 p where u f @p,i is the fluid fluctuating velocity measured at the particle position. For the flows without inter-particle collisions (Fig. 3a) , the particle fluctuating velocities in the directions normal to the wall (as well as along the spanwise dimension of the channel not shown) are controlled by the drag force, i.e., effects of turbulent dispersion (triple correlation transport) are not substantial and there is no direct influence of mean shear on these velocity fluctuations. The particle fluctuating motion in these directions is then at equilibrium with the local turbulent fluid flow, one consequence being the good agreement between the particle velocity fluctuations and fluid-particle correlation as illustrated in Figure 3a (e.g., see Hinze 1975) . From Figure 3b it is apparent that inter-particle collisions strongly disrupt equilibrium between the particle-particle and fluid-particle velocity correlations. While Figure 3a shows a reduction in the wall-normal fluctuations with increasing Stokes number, Figure 3b shows an amplification of the particle velocity fluctuations due to the effect of particle-particle collisions. Near the wall where the component intensities exhibit strong anisotropy, the re-distribution of the particle kinetic energy by inter-particle collisions is especially strong, resulting in the increases in the wall-normal velocity fluctuations shown in Figure 3b. 
Spatial velocity correlations
Two-point correlations of the particle velocities are computed in planes parallel to the channel walls and for a given separation in either the streamwise or spanwise direction. The correlations are averaged over the statistically homogeneous x-z planes and over time. Suppressing the y-dependence for the sake of notation, the correlations are given by the following relation,
where n p is the local particle number density and there is no summation over the repeated Greek indices. The value v p,α in (3) is the fluctuation obtained by first projecting the particle velocities onto the cell centers of the mesh by averaging over the velocities in each cell and subtracting the planeaveraged mean velocity. At the origin, ∆x = ∆z = 0, the total velocity variance is computed directly from the individual particle velocities. Figure 4 and Figure 5 show the spatial correlations of the streamwise particle fluctuating velocity with streamwise (in Fig. 4 ) and spanwise (in Fig. 5 ) separations. Results are shown for each Stokes number and from the simulations without inter-particle collisions (left-hand frames of each figure) and including inter-particle collisions (right-hand frames of each figure) . are normalized by the corresponding fluid velocity variance in the plane, the values of the spatial correlations for the dispersed phase at the origin are equal to the ratio of the particle-to-fluid velocity variance. The rows of the figure correspond, from top to bottom, to the wall-normal plane y + = 20, slightly above the location of peak production of turbulent shear stress, at y + = 90, and in the channel centerplane y + = 180. In general, the correlations of the fluid velocity in Figure 4 and Figure 5 are consistent with elongated vortical structures that characterize the channel flow near the wall and a more homogeneous structure in the central region of the flow. Figure 4 shows that the streamwise correlation of the fluid velocity exhibits decreased correlation lengths from the wall to the channel center, though Figure 4 also shows that the dimensions of the computational domain in the streamwise direction, L x = 2π, is not sufficient to ensure the two-point correlation goes to zero at or before L x /2. The correlation of the streamwise fluid velocity with spanwise separation in Figure 5 exhibits the opposite behavior, with an increase indicated in the spanwise integral lengthscale of the fluid velocity towards the channel centerplane.
For the particle velocities, the general behavior of the spatial correlations in Figure 4 and Figure 5 is similar to the measurements in turbulent channel flow reported by Khalitov and Longmire (2003) . Figure 4 and Figure 5 show that the correlations for the lightest particles, St = 0.1625, are the closest to those of the turbulent fluid flow, consistent with the low-inertia particles being the most responsive to the local fluid velocity. For larger Stokes number the spatial correlations exhibit greater departures from those of the carrier phase. For each Stokes number considered in the simulations without collisions Figure 4a ,c,e shows that the streamwise particle velocity field is correlated over longer streamwise separations than is the fluid velocity, analogous to the behavior reported by Fevrier et al. (2003) in which the correlations of non-colliding particles were computed in simulations of isotropic turbulence. Fevrier et al. (2003) also noted an increase in the integral lengthscale of the particle velocity with increasing response time. Such an effect is somewhat apparent in Figures 4a,c ,e though extended streamwise lengths of the computational domain would be needed to fully deduce the dependence of the spatial correlations with long streamwise separations on particle inertia.
Comparison against the simulation results from computations that include particle-particle collisions in Figure 4b the streamwise and spanwise directions is decreased in simulations with colliding particles. As shown in Figures 1-3 , the influence of particle-particle collisions is strongest for the largest Stokes number, St = 2.60. The correlations of the streamwise particle velocity fluctuations in Figures 4-5 exhibit increasingly significant effects on the two-point correlations with increases in particle inertia, showing that for St = 2.60 there is essentially no spatial correlation in the streamwise particle velocity fluctuations.
Decomposition of particle fluctuating motion
As also observed by Fevrier et al. (2003) and Khalitov and Longmire (2003) , the correlations in Figure 4 and Figure 5 , as well as for other components not shown, are discontinuous at the origin. As developed by Fevrier et al. (2003) , this feature is consistent with a partitioning of the velocity by particle inertia into a component that is spatially-correlated and another component that is random and uncorrelated in space. The spatial correlations show that the relative contribution of the randomuncorrelated velocity accounts for a larger fraction of the particle fluctuating motion for increasing Stokes number. The spatial correlations also show that for a given Stokes number the relative contribution of the random uncorrelated velocity to the particle fluctuations is larger for simulations that include colliding particles. The contribution to the velocity variance from the spatially correlated and random uncorrelated components of the particle velocity can be be calculated using the spatial correlations. The correlations in Figure 4 and Figure 5 along with similar correlations for the other velocities were curve-fit using fourth-order polynomials. The polynomials were then evaluated at the origin, the magnitude of the difference between the total velocity variance and the polynomial approximation yields the random-uncorrelated contribution to the particle velocity fluctuations. This procedure was applied for every x-z plane in order to deduce the partitioning of the particle velocity into components representing the spatially correlated velocities and random-uncorrelated motion. Figure 6 and Figure 7 show the wall-normal profiles of the mean-square particle velocity fluctuations for St = 0.1625 and St = 0.65, respectively. The left-hand frames of each figure are the profiles from computations without inter-particle collision, the right-hand frames show the results with colliding particles. Shown in each frame of the figures are the profiles of the total mean-square particle velocity fluctuations (solid lines in the figures) in addition to the variance of the correlated particle velocities (shown using symbols) and that of the random-uncorrelated motions (dashed line). In general, both Figures 6 and 7 show that for a given flow-type (with or without inter-particle collisions) the contribution of the random-uncorrelated motion to the total velocity variance increases with increases in Stokes number. In addition, the figures show that for a given Stokes number, the contribution of the random-uncorrelated velocity to the total velocity fluctuations is also increased in flows with colliding particles.
The lighter particles, St = 0.1625, track the (spatially correlated) fluid velocity reasonably closely and Figure 6 shows that for both flow types the contribution of the random-uncorrelated component of the particle velocity is not large in the central core of the channel, though becomes significant near the wall (for y + lower than about 40). Comparison to the profiles in simulations that include interparticle collisions (Figures 6b,d,f) show that the random-uncorrelated particle velocity is somewhat more significant throughout a greater region of the channel, that effect being most apparent in the wallnormal fluctuations in Figure 6d . Interestingly, the fraction of the streamwise fluctuations residing in the random-uncorrelated motion is larger near the the wall in flows without inter-particle collisions (Fig. 6a) as compared to the corresponding profile with particle-particle collisions (Fig. 6b) .
For the larger Stokes number St = 0.65 in Figures 7 the random-uncorrelated particle velocity is a more significant contributor to the particle fluctuating kinetic energy than for St = 0.1625. Without inter-particle collisions, Figures 7a,c,e show that the spatially correlated and random-uncorrelated components of the particle velocity are comparable in the core of the channel. The peak of the stream-
wise velocity fluctuations in Figure 7a of the correlated velocity is in approximately the same location as for the total, with the random-uncorrelated component peaking much closer to the wall. Unlike the behavior observed for St = 0.1625, the simulations that include colliding particles in Figures 7b,d ,f indicate a substantial change in the partitioning of the particle velocty compared to the flow without inter-particle collisions. It is useful to note that the streamwise fluctuating velocity (Fig. 7a,b) is quite similar between cases with and without collisions for y + ≈ 20 and above. However, the partitioning of the motion into random and correlated contributions is significantly different, e.g., the streamwise velocity fluctuations in Figure 7b shows that over most of the channel the dominant contribution to the particle velocity is from the random-uncorrelated component.
Another view of the partitioning is provided in Figure 8 in which the fraction of particle kinetic energy residing in the spatially correlated component of the velocity is shown for each Stokes number and for both simulation types. Consistent with the profiles of the streamwise and wall-normal fluctuation levels shown in Figure 6 and Figure 7 , the fraction of kinetic energy residing in the spatiallycorrelated motions of the velocity field decreases with increasing Stokes number. In addition, Figure 8 shows that for a given response time the fraction of kinetic energy residing in the spatially correlated motions is lower in simulations that include inter-particle collisions.
Shown in Figure 9 are profiles of v
, and
for St = 0.65. The notation v p,α denotes the spatially correlated particle velocity. Profiles are shown for both the wall-normal (α = 2) and spanwise (α = 3) components and for flows with and without colliding particles. Fevrier et al. (2003) found that the fraction of the velocity fluctuations residing in the correlated motion, v 
Summary
The spatial correlations of the particle velocity fields in channel flow are consistent with the particle velocity being comprised of two distinct components: a spatially correlated contribution and a random-uncorrelated motion. The partitioning of the velocity is sensitive to particle inertia -the numerical simulations showed that increases in the Stokes number increase the fraction of the fluctuating energy residing in the random uncorrelated motion. For flows that included the effect of particleparticle collisions, the fraction of the particle kinetic energy residing in the random-uncorrelated motions also increased.
The existence of a spatially correlated particle velocity field might be anticipated since particle motion is derived by interaction with an underlying turbulent fluid flow that itself is characterized by spatially-correlated motions. Important to recognize, however, is that departures in the motion of the particle from that of the fluid, will lead to particle velocity distributions that can be quite different compared to that of the underlying fluid flow. The complexity in the behavior of the velocity over the spectrum from light-to-heavy particles requires efforts directed not only at understanding the properties of the correlated and random contributions to the particle velocity, but also at exploiting this decomposition in simulation strategies. The implications of these findings, as well as those reported in Fevrier et al. (2003) and Khalitov and Longmire (2003) , impact Eulerian-based prediction of dispersed two-phase flows using techniques that attempt to resolve the spatially-variable and time-dependent motions of the particulate phase. Such simulation strategies should recognize that only the spatially-correlated motions of the particle velocity field are computed from a set of field equations, given the fact that the randomuncorrelated particle velocity component is not differentiable. It is important, therefore, to account in Eulerian-based prediction for the influence of the random component of the particle velocity on the correlated motions. The equations governing the correlated part of the particle velocity are developed in Fevrier et al. (2003) and insight to their solution and interpretation is presented at this meeting by Kaufmann et al. (2004) .
Finally, the approach developed in this manuscript used an indirect method to estimate the components of the particle velocity variance residing in the spatially correlated and random uncorrelated motions, i.e., from calculations of the two-point correlations. While adequate as a means for deducing the partitioning, further studies would be useful to provide a more precise quantification. A direct resolution of the spatially correlated velocity field is useful and necessary for deeper analysis, a challenge to the simulation requiring very large particle ensembles. .
